Human cytomegalovirus replicates in many different cell types, including epithelial cells, endothelial cells, and fibroblasts. However, laboratory strains of the virus, many of which were developed as attenuated vaccine candidates by serial passage in fibroblasts, have lost the ability to infect epithelial and endothelial cells. Their growth is restricted primarily to fibroblasts, due to mutations in the UL131-UL128 locus. We now demonstrate that two products of this locus, pUL130 and pUL128, form a complex with gH and gL, but not gO. The AD169 laboratory strain, which lacks a functional UL131 protein, produces virions containing only the gH-gL-gO complex. An epithelial and endothelial cell tropic AD169 variant in which the UL131 ORF has been repaired, termed BADrUL131, produces virions that carry both gH-gL-gO and gH-gL-pUL128-pUL130 complexes. Antibodies against pUL130 and pUL128 block infection of epithelial and endothelial cells by BADrUL131 and the fusion-inducing factor X clinical human cytomegalovirus isolate but do not affect the efficiency with which fibroblasts are infected.
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glycoprotein complex ͉ host range I n immunocompromised individuals, human cytomegalovirus (HCMV) infects multiple organ systems, replicating in all major cell types (1) . Although clinical isolates replicate in a variety of cell types, laboratory strains, such as AD169 (2) and Towne (3), replicate almost exclusively in fibroblasts (4 -10) . The restriction in tropism, which results from serial passage of the virus in fibroblasts, is a marker of attenuation (11) . Mutations causing the loss of epithelial cell, endothelial cell, polymorphonuclear leukocyte, and dendritic cell tropism in HCMV laboratory strains have been mapped to three ORFs: UL128, UL130, and UL131 (5, 10, 12) . Mutation of any one of these ORFs in the FIX clinical isolate of HCMV blocked endothelial cell tropism (5) , and repair of a single-nucleotide insertion in the UL131 ORF restored the ability of AD169 to infect endothelial and epithelial cells (10) .
Three lines of evidence suggest that the UL131-UL128 proteins are involved in membrane fusion. First, the UL131-UL128 locus mediates the transmission of virus from endothelial cells to leukocytes (5) , and the transfer is carried out by transient fusion of plasma membrane patches (13) . Second, repair of the defective UL131 ORF in AD169 not only restored its ability to infect endothelial and epithelial cells but also enabled the virus to induce syncyntia (10) . Third, pUL130 was recently reported to be in virions (14) .
Because the UL131-UL128 locus is not sufficient to induce membrane fusion (our unpublished data), we hypothesized that its products might function in cooperation with one or more virus-coded fusogenic glycoproteins. HCMV particles contain three major glycoprotein complexes (15) , all of which are required for HCMV infectivity (16 -18) . The gCI complex includes two molecules of the UL55-coded gB (15, 19, 20) . Each 160-kDa monomer is cleaved (21, 22) to generate a 116-kDa surface unit linked by disulfide bonds to a 55-kDa transmembrane component. Some antibodies to gB inhibit the attachment of virions to cells, whereas others block the fusion of infected cells (19, (23) (24) (25) (26) , suggesting that the protein might execute multiple functions at the start of infection. Several cellular membrane proteins interact with gB (27) (28) (29) , and these interactions likely facilitate entry and activate cellular signaling pathways. The gCII complex contains the UL100-coded gM and UL73-coded gN (30, 31) , and it is the most abundant of the glycoprotein complexes (32) . The complex binds to heparan sulfate proteoglycans, suggesting it might contribute to the initial interaction of the virion with the cell surface (33) . It also could perform a structural role during virion assembly͞ envelopment, similar to the gM-gN complex found in some ␣-herpesviruses (34) . The gCIII complex is comprised of UL75-coded gH, UL115-coded gL, and UL74-coded gO (15, (35) (36) (37) (38) . All known herpesviruses encode gH-gL heterodimers (39), which mediate fusion of the virion envelope with the cell membrane. Antibodies to HCMV gH do not affect virus attachment but block penetration and cell-to-cell spread (40, 41) . Expression of gH-gL in the absence of infection was sufficient to induce syncytia, and inclusion of gO in the assay did not enhance or block the fusion (42) . A gO-deficient mutant of AD169 shows a significant growth defect (18) . Recently, it was reported that gH binds to integrin ␣v␤3 (43) .
We report here that pUL128 and pUL130 form a complex with gH͞gL that is incorporated into virions. Clinical HCMV isolates produce virions containing two gH-gL complexes; one includes gO, and the other includes pUL128-pUL130. The gH-gL-pUL128-pUL130 complex is required to infect endothelial and epithelial cells but not fibroblasts.
Materials and Methods
Biological Materials. Human MRC-5 embryonic lung fibroblasts and ARPE-19 retinal pigmented epithelial cells (American Type Culture Collection) were cultured in DMEM with 10% FBS or DMEM͞Ham's F-12 medium (1:1) with 10% FBS, respectively, and both cell types were used at passage 24 -30. Human umbilical vein endothelial cells (HUVEC) were obtained by collagenase digestion of umbilical veins grown on gelatin-coated plates in RPMI medium 1640 with 10% FBS, endothelial cell growth supplements (50 g͞ml, Biomedical Technologies, Stroughton, MA) and heparin (75 g͞ml) and used at passage 3-6. HUVECs were maintained without endothelial growth supplements or heparin during virus adsorption and after infection. Human foreskin fibroblasts at passage 10 -15 were grown in DMEM with 10% newborn calf serum.
The AD169 strain of HCMV (2) contains a frame-shift mutation in UL131 (44, 45) . BADwt (10, 46) is produced from a bacterial artificial chromosome (BAC) clone of AD169. BADrUL131 (10) is a derivative of BADwt in which the UL131 mutation has been repaired so that the ORF is identical to that in the TR HCMV clinical isolate (47) . BADdlUL131-128 is a derivative of BADwt that was constructed by replacing the UL131-UL128 locus, base pairs 174865-176806 (44) , with a marker cassette containing kanamycin resistance and LacZ genes by using linear recombination (48, 49) . The BAC-cloned derivative of the VR1814 clinical isolate of HCMV (50) is termed FIX (51), and we term virus reconstituted from that clone BFXwt. Virus was prepared by electroporation of BAC DNAs into fibroblasts, and the first passage of the virus was used in this study. Virions were partially purified by centrifugation through a sorbitol cushion for use as virus stocks.
Anti-gB 7-17 (52), anti-gM IMP91-3͞1 (30), and anti-gH 14-4b (53) and AP86 (54) monoclonal antibodies were gifts from W. Britt (University of Alabama, Birmingham), and rabbit polyclonal anti-gO antibody (35) was a gift from T. Compton (University of Wisconsin, Madison). Murine monoclonal antibodies specific for pUL130 (3E3 and 3C5) and pUL128 (4B10), as well as rabbit anti-pUL128 polyclonal antibody (R551A), were generated by using GST fusion proteins as immunogens.
Protein Analysis. For pulse-chase analysis, MRC-5 cells were held for 1 h in medium lacking methionine and cysteine at 72 h after infection at a multiplicity of three plaque-forming units per cell; 200 Ci͞ml (1 Ci ϭ 37 GBq) of 35 S Express Protein Labeling Mix (PerkinElmer) was added for 1 h, and then the radioactivity was removed and cells were maintained for 20 or 120 min in medium with excess unlabeled methionine and cysteine plus 10% FBS. Cells were harvested and lysed in RIPA buffer (50 mM Tris, pH 7.4͞150 mM NaCl͞1 mM EDTA͞1% Nonidet P-40͞0.1% SDS͞0.5% deoxycholate) containing protease inhibitor mixture (Roche Applied Science, Indianapolis).
Before immunoprecipitation, lysates were incubated with preimmune mouse or rabbit serum overnight at 4°C and then precleared with protein A Sepharose (Amersham Pharmacia Biosciences) or protein G-agarose (Roche Applied Science) to remove proteins that interact nonspecifically with the beads. Antibodies were added to the precleared lysates, incubated overnight at 4°C, and then protein A Sepharose or protein G-agarose was added for 4 h at 4°C. Immune complexes were collected by centrifugation, washed with RIPA buffer, suspended in reducing sample buffer (50 mM Tris, pH 6.8͞10% glycerol͞2% SDS͞1% 2-mercaptoethanol), boiled for 5 min, and proteins were separated by electrophoresis in SDScontaining polyacrylamide gels. The gM-gN complex was assayed by electrophoresis in urea-containing polyacrylamide gels (30) . Sequential immunoprecipitations were conducted as described (55) .
For analysis of virion proteins, virions were separated from noninfectious particles by centrifugation through glyceroltartrate gradients (56) (57) (58) . The purified virions were boiled in reducing or nonreducing sample buffer, and proteins were analyzed by Western blot assay.
Neutralization Assay. Anti-pUL130 monoclonal antibodies were purified by affinity chromatography on protein G-agarose. To purify rabbit anti-pUL128 polyclonal antibody, antiserum was first passed through GST-conjugated Sepharose to deplete anti-GST antibodies that resulted from the use of a pUL128-GST fusion protein as immunogen, followed by affinity purification on protein A Sepharose. Neutralization of BADrUL131 was quantified by plaque-reduction assay. Purified antibodies were diluted in DMEM with 5% complementinactivated FBS and mixed with an equal volume of virus; after 1 h at room temperature 300-l aliquots (100 plaque-forming units) were used to infect cell monolayers; after adsorption, the inoculum was removed, and cells were overlaid with medium containing 1% agarose; foci of GFP-expressing cells were counted 2-3 weeks later. Neutralization of FIX virus was quantified by using a microneutralization assay (59) .
Results pUL128 and pUL130 Are Present in a Complex with gH.
Products of the UL131-128 locus are required for HCMV replication in endothelial and epithelial cells (5, 10) . To test the idea that proteins encoded by this locus might function in cooperation with one or more virus-coded fusogenic glycoproteins, we searched for UL131-UL128-coded proteins in virion glycoprotein complexes. Fibroblasts were infected with three viruses: BADwt, an isolate of the AD169 strain of HCMV with a nonfunctional UL131 ORF; BADdlUL131-128, a derivative of BADwt that lacks the UL131-UL128 locus; and BADrUL131, a derivative of BADwt with a repaired UL131 ORF (10) . At 72 h postinfection, cells were treated for 1 h with 35 S-labeled methionine and cysteine, the label was chased for 20 or 120 min, and then viral glycoprotein complexes were examined by immunoprecipitation (Fig. 1) .
Consistent with previous reports (20, 22, 53) , gB was synthesized and glycosylated to produce a 160-kDa protein at 20 min postlabeling, and it was partially cleaved by 120 min to generate the mature gp55-gp116 gB complex (Fig. 1 A) . The gM molecule was synthesized as a protein with an apparent molecular weight of 38 kDa, and it was modified by 120 min after its synthesis to migrate as a diffuse 38-to 46-kDa band (30) (Fig. 1B) . The Ϸ60-kDa protein that coprecipitated with gM was previously identified as gN (30) . No differences in gB or gM-gN were observed among the AD169 variants.
In contrast, gH immunoprecipitates revealed distinct complexes after infection with the different viruses (Fig. 1C) . As described (36, 55) , gL and gO coprecipitated with gH from fibroblasts infected with all three viruses. In addition, a 16-kDa protein was coprecipitated from extracts of BADwt-and BADrUL131-infected cells but not from cells infected with BADdlUL131-128. Also, a 33-kDa protein (20 min) and a 33-plus 35-kDa doublet (120 min) were detected in the BADrUL131 gH coprecipitate. Based on their apparent sizes, we suspected that the 16-and 33-to 35-kDa proteins were pUL128 and pUL130. We therefore performed sequential immunoprecipitation assays in which the gH coprecipitating proteins from BADrUL131-infected lysates were reprecipitated with antipUL130 or -pUL128 antibodies (Fig. 1D Center and Right) . The 33-to 35-and 16-kDa proteins were specifically precipitated with these antibodies, confirming their identities as pUL130 and pUL128. Antibody to gH also coprecipitated gO from the BADrUL131 lysates (Fig. 1D Left) .
pUL128-pUL130 and gO Form Separate Complexes with gH. To further verify the gH interactions, we performed coimmunoprecipitation experiments using a gO-specific antibody ( Fig. 2A) . This antibody, like the gH antibody, captures the gH-gL-gO complex (55) , and the three components were evident in the immunoprecipitates. Neither pUL128 nor pUL130 was coprecipitated at a detectable level with the gO antibody, suggesting that gO and pUL128-pUL130 form separate complexes with gH. Consistent with this interpretation, the pUL128-specific antibody precipitated gH, gL, and pUL130 from BADrUL131 lysates, but gO was not detected (Fig. 2B) . In addition, anti-pUL130 antibody precipitated gH, gL, and pUL128 from BADrUL131-infected cell lysates, but not gO (Fig. 2C) . The identities of gH and pUL130 in the anti-pUL128 immunoprecipitate were confirmed by performing Western blot assays, and once again we did not detect gO (Fig. 2D) . Our data argue that pUL128-pUL130 and gO form separate complexes with gH.
pUL128 and pUL130 Are Present in Virions. Because pUL128 and pUL130 are associated with gH in infected cells, the complex might be incorporated into virions. To test this possibility, purified BADwt and BADrUL131 virions were assayed by Western blot for gH, pUL128, and pUL130 (Fig. 3A) . As expected, gH was present in both virion preparations. BADrUL131 but not BADwt virions contained pUL130, consistent with the failure of pUL130 to interact with gH in a BADwt-infected cell lysate (Fig. 1C) . Surprisingly, pUL128 also was present only in BADrUL131 virions, even though it interacted with gH independently of pUL130 and pUL131 within extracts of BADwt-infected cells (Fig. 1C) . We interpret this to indicate that only a complete gH-gL-pUL130-pUL128 complex is incorporated into virions.
To ascertain that pUL128 associates with gH in virions, BADrUL131 virion proteins were immunoprecipitated with pUL128-specific antibody and analyzed by Western blot with anti-gH or -pUL130 antibody (Fig. 3B) . Both gH and pUL130 proteins were captured with anti-pUL128 antibody, confirming that the three proteins are complexed in virions as in cell extracts.
Characterization of gH Complexes. Disulfide bonds link gH to gO and gL (15, 35, 55, 60) . We tested the possibility that gH interacts with pUL128 and pUL130 in the same manner. BADrUL131 virion proteins were resolved by electrophoresis in reducing or nonreducing gels, transferred to membranes, and probed with anti-pUL130 or -pUL128 antibodies. As shown in Fig. 4A Left, the reducing agent did not change the mobility of pUL130, suggesting that it is not linked to other proteins through disulfide bonds. In contrast, in the absence of 2-mercaptoethanol treatment, the anti-pUL128 antibody recognized a 135-kDa protein, and treatment with the reducing agent released monomeric pUL128 (Fig. 4 A Right) . The complex presumably includes gH and gL in addition to pUL128, because both gH and gL were precipitated from extracts of infected cells with pUL128-specific antibody (Fig.  2B) . Its 135-kDa size is consistent with the interpretation that it contains one molecule each of gH (86 kDa), gL (31 kDa), and pUL128 (16 kDa).
Because pUL128 and gO form separate disulfide-bonded complexes with gH, we next compared the gH-gL-gO and gH-gL-pUL128 complexes present in BADwt versus BADrUL131 virions. Under reducing conditions (Fig. 4B Left,  ϩ2-mercaptoethanol) , only monomeric, 86-kDa gH was observed. However, in the absence of reducing agent, more slowly migrating bands were evident (Fig. 4B Left, Ϫ2 -mercaptoethanol) , which presumably represented disulfidebonded complexes. In BADwt, major gH-containing complexes migrated at 300 and 220 kDa. The 220-kDa moiety was previously shown to be a partially modified gH-gL-gO complex (55) , and the 300-kDa moiety corresponds to the mature gH-gL-gO (gCIII) complex (35, 55, 60 ). An additional gHcontaining complex was present in BADrUL131 but not BADwt virions. It migrated with an apparent molecular weight of 135 kDa, the same mobility as the complex recognized by antibody to pUL128 (Fig. 4 A) , suggesting that it might be a gH-gL-pUL128 complex. Consistent with earlier reports (36), monomeric gH was observed in the absence of reducing agent in virions, indicating that a portion of it is not covalently bonded to other glycoproteins.
We performed additional Western blot assays on the same set of virion samples. As anticipated, gO-specific antibody recognized the 300-and 220-kDa complexes but not the 135-kDa complex (Fig. 4B Center) . In contrast, the antipUL128 antibody reacted with the 135-kDa moiety but not the larger complexes (Fig. 4B Right) . We conclude that two gH complexes are in BADrUL131 virions: gH-gL-pUL128-pUL130 and gH-gL-gO. BADwt virions contain only one gH complex, gH-gL-gO.
pUL128 and pUL130 Antibodies Block Infection of Epithelial and
Endothelial Cells. BADrUL131 virions, which contain the gHgL-pUL128-pUL130 complex, can efficiently infect endothelial cells, epithelial cells, and fibroblasts (10) . BADwt, which lacks the complex, is restricted to fibroblasts. Accordingly, we performed neutralization assays to test the idea that this complex is required to infect epithelial or endothelial cells. Affinity-purified antibodies were used, and no complement was added to the assays. As shown in Fig. 5A , pUL130-specific 3E3 monoclonal antibody inhibited BADrUL131 infection of ARPE-19 or HUVEC cells but not MRC-5 cells. Fifty percent neutralization was achieved at Ϸ20 g͞ml antibody. The 3C5 antibody, which recognizes a different pUL130 epitope (data not shown), did not block infection. Rabbit polyclonal antibody to pUL128 also neutralized the ability of BADrUL131 to infect ARPE-19 and HUVEC cells but not MRC-5 cells. The patterns of inhibition were the same for endothelial and epithelial cells, suggesting that BADrUL131 utilizes the same mechanism to infect the two cell types. The antibody to pUL128 also blocked infection of ARPE-19 and HUVEC cells by the BFXwt clinical strain of HCMV and again did not notably inhibit infection of MRC-5 cells (Fig. 5B) .
Discussion
Earlier work demonstrated that the UL131-UL128 locus is a primary determinant of HCMV cell host range (5, 10). Now we have determined that pUL128 and pUL130 are present in a complex with gH and gL ( Fig. 1-4) . Glycoprotein H is a component of the viral membrane fusion machinery that facilitates viral entry (41, 61, 62) , and gL may function as a chaperone-like protein, targeting gH to the cell surface (63) . By complexing with gH-gL, pUL128 and pUL130 likely participate in the entry of HCMV into epithelial and endothelial cells. Consistent with this interpretation, antibodies to either protein neutralized the ability of HCMV to infect endothelial or epithelial cells, but not fibroblasts (Fig. 5) .
The function of pUL131 is not clear. We anticipated that all three proteins encoded by the UL130-UL128 locus would form a complex, because mutations in any of the three ORFs can abolish epithelial and endothelial cell tropism (5, 10). However, we did not observe a band potentially corresponding to pUL131 after immunoprecipitation with antibodies to gH (Fig. 1) or pUL128 (Fig. 2) . It is conceivable that pUL131 is part of the complex, but its association is not stable to the sample preparation conditions that we used. Alternatively, pUL131 might not be a component of the complex but might serve to stabilize pUL130 or deliver pUL130 to the gH-gL-pUL128 complex, because pUL130 was not detectably incorporated into the complex in pUL131-deficient BADwtinfected fibroblasts (Fig. 1C) . It also could play a role in the incorporation of the complex into virions, because the gH-gLpUL128 complex accumulates in BADwt-infected cells (Fig. 1C) but is not incorporated into virions (Fig. 3) .
Two distinct gH complexes were found in BADrUL131 virions: gH-gL-pUL128-pUL130 and gH-gL-gO (Figs. 3 and 4B ). In contrast, BADwt virions contain only the gH-gL-gO complex. The different complexes likely form the basis for the host range differences between the two viruses. We propose that, whereas the gH-gL-gO complex is sufficient to mediate infection of fibroblasts, the gH-gL-pUL128-pUL130 complex is required to infect epithelial and endothelial cells.
The HCMV gH complexes resemble the Epstein-Barr virus (EBV) and human herpesvirus 6A (HHV-6A) gH complexes. Like HCMV, EBV virions contain two gH complexes: gH-gL and gH-gL-gp42 (64, 65) . EBV uses different gH and gL complexes to infect B and epithelial cells (66) . Fusion with B cells is mediated by the gH-gL-gp42 complex, which binds to cell surface HLA class II (67-69). In contrast, entry into an epithelial cell does not require gp42 but does require interaction of the gH-gL complex with an unknown receptor (64, 66, 70) . HHV-6A also produces two gH complexes: gH-gL-gO (71) and gH-gL-gQ1-gQ2 (72) . The HHV-6A gH-gL-gQ1-gQ2 complex serves as a viral ligand for the entry receptor, CD46 (73) (74) (75) . HHV-6A, but not HHV-6B, mediates fusion in a variety of cells expressing CD46 (73) . The presence of gH-gL-gQ1-gQ2 on the virion envelope or sequence divergence of its constituents might be responsible for differences in host cell tropism between HHV-6A and -6B (76) .
